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Abstract
In this paper, we report the anisotropic optical and catalytic properties of wurtzite-type
hexagonal CoO (h-CoO) nanocrystals, an unusual nanosized indirect semiconductor material.
h-CoO nanoplates and nanorods with a divided morphology have been synthesized via facile
solution methods. The employment of flash-heating and surfactant tri-n-octylphosphine favors
the formation of plate-like morphology, whereas the utilization of cobalt stearate as a
precursor is critical for the synthesis of nanorods. Structural analyses indicate that the basal
plane of the nanoplates is (001) face and the growth direction of the nanorods is along the c
axis. Moreover, the UV–vis absorption spectra, the corresponding energy gap and the catalytic
properties are found to vary with the crystal shape and the dimensions of the as-prepared
h-CoO nanocrystals. Furthermore, remarkable catalytic activities for H2 generation from the
hydrolysis of alkaline NaBH4 solutions have been observed for the as-prepared h-CoO
nanocrystals. The calculated Arrhenius activation energies show a decreasing trend with
increasing extension degree along the 〈001〉 direction, which is in agreement with the variation
of the charge-transfer energy gap. Finally the maximum hydrogen generation rate of the
h-CoO nanoplates exceeds most of the reported values of transition metal or noble metal
containing catalysts performing in the same reaction system, which makes them a low-cost
alternative to commonly used noble metal catalysts in H2 generation from the hydrolysis of
borohydrides, and might find potential applications in the field of green energy.
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1. Introduction
Transition metal oxides have received great attention due to
their various properties and wide applications. In particular,
cobalt oxides are potentially useful in many fields such
as solar collectors [1], lithium-ion battery materials [2, 3],
catalysts [4–6], gas sensors [7, 8], data memory devices [9, 10]
and so on. One of the important cobalt oxides is cobalt
monoxide (CoO). CoO typically has two crystalline phases:
rock-salt CoO (c-CoO, space group Fm3m) with octahedral
Co2+, and wurtzite-type hexagonal CoO (h-CoO, space group
P63mc) with tetrahedral Co2+ [11]. The crystal structure of
wurtzite-type CoO which was first reported by Redman and
Steward [12] is nearly the same as wurtzite-type hexagonal
ZnO, and this phase has been regarded as metastable in
the bulk and able to stabilize in mixed cobalt oxides
(Zn1−xCoxO) [13] or ultrathin epitaxial films [14]. Recently,
Nam et al found that the formation of h-CoO was kinetically
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controlled in conditions of rapid heating at high temperature
while that of c-CoO was thermodynamically controlled
through prolonged heating at low temperatures [3].
For c-CoO nanocrystals, many synthetic routes have been
reported. However, there are fewer reported methods for
the synthesis of h-CoO, probably due to its extraordinary
nature which sets strict conditions for preparation. For
example, pencil-shaped h-CoO was synthesized by the
thermal decomposition of a cobalt–oleate complex [15].
Moreover, Seo et al [11] reported the synthesis of h-CoO
nanorods and nanopyramids by thermal deposition of
Co(acac)3 simultaneously in oleylamine, and found that a
prolonged reaction time of 3 h would yield stable phase
c-CoO, in response to the report of Nam who demonstrated
that in the complex of Co(acac)3 and benzylamine, adding
1,2-dichlorobenzene in the solution before the deposition
reaction would yield h-CoO rods instead of pyramids, and
more 1,2-dichlorobenzene added would lead to the formation
of c-CoO cubes [3]. In general, the reported synthetic methods
for h-CoO nanocrystals are relatively complicated and
time-consuming, and the shapes of synthesized nanocrystals
restricted to pyramids or rods.
Up to now, a large portion of the research about the
properties of h-CoO focused on the magnetic properties
[3, 11, 15–17] and the phase transition properties. For
example, h-CoO may transfer into c-CoO in the pressure
range of 0.8–6.9 GPa [18] or above a temperature of
378 ◦C [19]. Recently, h-CoO has been found to exhibit
characteristic electrochemical properties toward lithium [3].
Cu-doped h-CoO shows high initial Coulombic efficiency
and ultrahigh capacity with excellent cycling performance
as an anode material [20]. In contrast, explorations of the
optical and catalytic properties of h-CoO nanocrystals are not
common.
It has been affirmed that, for bulk single crystal,
morphology plays an important role in the intrinsic chemical
and physical properties [21–23]. Several studies also have
focused on the influence of nanocrystal morphology on
properties. For example, the catalytic selectivity of Pt
nanocrystal was found to be strongly affected by the
shape [24]. TiO2 nanosheets exposing a high percentage of
(001) facets show excellent photocatalytic efficiency [25].
In addition, considering wurtzite-type ZnO nanocrystals,
the connection between morphology and properties is
important [26]. However, systematic studies regarding this
connection of h-CoO nanocrystals have not been reported.
In this study, we report the solution synthesis of h-CoO
nanoplates with mainly exposed (001) facets and nanorods
with a divided morphology. The relationship between the
shape and optical and catalytic properties was investigated.
Interestingly, the exposed crystalline facet and the dimensions
of the as-prepared nanocrystals influence their energy gaps
of charge-transfer and d–d transition. Finally, remarkably
high catalytic activities for H2 generation from the hydrolysis
of alkaline NaBH4 solutions have been found for the
as-prepared h-CoO nanocrystals. In particular, the catalytic
activity of h-CoO nanoplates is found to be superior to that of
many noble metal catalysts, which makes them an excellent
candidate to be applied in H2 generation from the hydrolysis
of various borohydrides, and might find potential applications
in the field of green energy.
2. Experimental section
2.1. Synthesis
2.1.1. Synthesis of h-CoO hexagonal nanoplates. In a
typical experiment, 0.3 mmol of cobalt (II) acetylacetonate
(Co(acac)2, 98%, Acros) and 10 ml of oleylamine (OAm,
80–90%, Acros) were placed into a flask and then the mixed
solution was heated to 353 K under vigorous stirring and kept
at this temperature for 30 min. After the solution was cooled
down to 323 K, 1 mmol of tri-n-octylphosphine (TOP, 97%,
Strem) was injected into the solution, and the temperature
was maintained at 323 K for 10 min. Then, the reaction was
initiated by flash-heating the solution to 493 K. After the
solution was kept at 493 K for 60 min, it was cooled down to
room temperature. The whole process was conducted under
a flow of high-purity argon gas. 10 ml of acetone was then
added to the blue–green suspension and centrifugation was
employed to separate the product. The obtained precipitate
was then washed with hexane three times and dried in air.
2.1.2. Synthesis of h-CoO nanorods. In a typical experiment,
0.3 mmol of cobalt (II) stearate (Co(st)2, 95%, Acros) and
10 ml of 1-octadecene (ODE, 90%, Acros) were placed into a
flask and then the mixed solution was heated to 403 K under
vigorous stirring and kept at this temperature for 60 min to
remove water. Then, the solution was flash heated to 585 K
for 60 min to obtain short nanorods or to 591 K for 60 min
to obtain long nanorods before it was cooled down to room
temperature. The whole process was conducted under a flow
of high-purity argon gas. 10 ml of ethanol was then added to
the blue–green suspension and centrifugation was employed
to separate the product. The obtained precipitate was then
washed with hexane five times and dried in air.
2.2. Structural characterization
For the transmission electron microscopy (TEM) analyses, a
portion of the as-prepared powders was dispersed in toluene
via ultrasound concussion for 15 min. Then the particle
suspensions in toluene were dropped onto a Cu grid coated
with carbon film before drying at room temperature under
ambient conditions. TEM images and selective area electron
diffraction (SAED) data were collected on a JEM-2100
transmission electron microscope operating at 200 kV.
The samples for x-ray diffraction (XRD) analyses were
prepared by dropping the powder suspensions in toluene
onto a glass wafer before drying at room temperature under
ambient conditions. XRD measurements were taken on a
Panalytical X’pert PRO diffractometer using Cu Kα radiation,
operating at 40 kV and 30 mA.
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Figure 1. (a) Low-magnification TEM image of as-prepared h-CoO nanoplates with corresponding SAED pattern (inset). (b), (c) TEM and
HRTEM images respectively of a typical hexagonal nanoplate. The SAED pattern (inset in (b)) is viewed in the [001] direction of h-CoO.
(d) HRTEM image showing the side view of a single nanoplate along with the SAED pattern (inset) viewed in the [010] direction.
2.3. Property characterization
X-ray photoelectron spectroscopy (XPS) analyses were
performed using a PHI Quantum 2000 scanning ESCA
Microprobe spectrometer using an Al Kα photon source.
UV–vis spectra were obtained at room temperature with a
Shimadzu UV-2550 ultraviolet–visible spectrophotometer.
For the testing of catalytic properties, 6 ml of alkaline
NaBH4 solution containing 10 wt% NaBH4 and 10 wt%
NaOH was injected into a rubber plug sealed flask which
contained 10 mg of as-prepared h-CoO catalysts. The volume
of hydrogen generated from the hydrolysis reaction of
NaBH4 solution in the presence of h-CoO catalysts was
measured using the water-displacement method. The reaction
temperature was controlled by immersing the flask in a
temperature-controlled water bath which was equipped with
a magnetic stirring apparatus. Hydrolysis experiments were
also conducted at various temperatures ranging from 283 to
323 K.
3. Results and discussion
3.1. Synthesis and morphology of the h-CoO nanoplates
Figure 1(a) shows the low-magnification TEM image of
the as-prepared h-CoO nanoplates which typically have an
average edge length of 50 nm and a thickness of about
20 nm. The SAED pattern (figure 1(a) inset) recorded from
randomly distributed nanocrystals exhibits diffraction rings
that correspond to wurtzite-type hexagonal CoO. In addition,
it is noticeable that the intensity of the (002) diffraction ring
is relatively much weaker than that of the (100), (101) and
(110) rings, which actually suggests confined extension along
the c axis during the growth of the plate-shaped h-CoO.
Figure 1(b) shows the TEM image of a single nanoplate with
a hexagon shape. The corresponding SAED pattern reveals
single crystalline characteristics and can be indexed in the
[001] zone axis of hexagonal structure. The HRTEM image
(figure 1(c)) also reveals a highly crystalline structure with
a lattice spacing of 0.281 nm which corresponds to the (100)
plane of h-CoO. Additionally, as shown in figure S1 (available
at stacks.iop.org/Nano/25/035707/mmedia), some nanoplates
may have a non-standard hexagonal shape with three long
edges and three neighboring short edges, which reflects the
difference between (100) and (010) planes. Furthermore, a
small number of nanocrystals appear as a rectangle with two
or three humps on one long edge. They actually correspond
to the side view of the nanoplates. The corresponding
HRTEM image and SAED pattern are shown in figure 1(d),
which demonstrates the basal (001) plane with a d-spacing
of 0.520 nm. Obviously, the SAED pattern reveals single
crystalline characteristics and a growth direction of [001] in
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Figure 2. (a) Low-magnification TEM image of h-CoO short nanorods along with the corresponding SAED patterns (inset). (b) HRTEM
image of a single short nanorod along with the FFT pattern (inset) in the [010] zone axis.
the plate thickness. Such morphology with humps indicates
that the growth of the nanoplate along the c axis is not
a uniform process. The EDS spectrum (figure S2 available
at stacks.iop.org/Nano/25/035707/mmedia) recorded from a
single nanoplate shows the presence of Co and O elements,
confirming the oxide nature.
In general, thermal decomposition of cobalt
acetylacetone–amine complex yields hexagonal pyramids
[3, 11, 16, 19], and the nucleation of h-CoO would happen
in the solution below 473 K [3, 11, 19]. However, according
to our research, the presence of TOP in the solution will
raise the nucleation temperature of h-CoO so that it will not
result in the fcc-CoO impurity which tends to occur at a
lower reaction temperature. Hence, 1 mmol TOP was added
and the reaction temperature was kept at 493 K. Previously,
TOP was regarded as a critical surfactant in the synthesis
of monodispersed transition metal nanoparticles [27], Ni–Au
core–shell nanoparticles [28], and 1D metal phosphine
nanostructures [29, 30]. Recently, we found that TOP could
play an important role in the synthesis of octahedral fcc-CoO
nanocrystals [5]. In this study, the function of TOP is a little
similar to that of 1,2-dichlorobenzene discovered by Nam
et al [3]. The effect of TOP may be due to the steric hindrance
of the three carbon chains in its molecule, which possibly
changes the kinetic control condition to the thermodynamic
control condition. On the other hand, the hindrance of TOP
may make the crystals grow in a more orderly manner when
the decomposition of the precursor is rapid in this kinetic
control condition, so that the plate-like morphology of the
nanocrystals can be maintained.
3.2. Synthesis and morphology of the h-CoO nanorods
Figure 2(a) is the typical TEM image of the as-prepared
h-CoO short nanorods with an average width of about 20 nm
and a length of about 50 nm (20 nm × 50 nm) synthesized
at 585 K. Most nanorods split into two or three pencil-shaped
subrods, which may be due to the relatively high growth rate
along the rods. The SAED pattern (figure 2(a) inset) reveals
a wurtzite-type hexagonal structure. However, the intensity
of the (002) ring is more distinct, and that of the (100) and
the (101) rings is relatively gloomy, implying preferential
growth along [001] direction. The single crystalline nature
is further confirmed by HRTEM image (figure 2(b)) which
shows that the well-defined lattice fringes go straight through
the whole structure without stacking faults. The lattice spacing
of 0.260 nm can be assigned to the (002) plane of wurtzite
structure. The corresponding fast Fourier transform (FFT)
pattern (figure 2(b) inset) of the HRTEM image also verifies
that this single crystalline nanorod grows along the [001]
direction.
In the syntheses, we found that if the reaction temperature
rose, the aspect ratio of the nanorods would increase. This
may be due to the faster growth rate along the rods at a high
temperature. The TEM image (figure 3(a)) of the products
synthesized at 591 K shows a slim long-rod morphology with
an average width of about 5 nm and a length of about 70 nm
(5 nm × 70 nm). Many of the nanorods also split into two or
more subrods. The recorded SAED pattern (figure 3(a) inset)
can be indexed to a wurtzite-type hexagonal structure and
the (002) diffraction ring exhibits a bright contrast because
of strongly preferred orientation. The HRTEM image in
figure 3(b) exhibits visible lattice fringes assigned to the (001)
plane with a lattice spacing of 0.520 nm. The identified growth
direction is also [001].
The XRD patterns (figure S3 available at stacks.
iop.org/Nano/25/035707/mmedia) of the as-prepared h-
CoO nanoplates, short nanorods (20 nm × 50 nm) and
long nanorods (5 nm × 70 nm) show diffraction peaks
corresponding well to the wurtzite-type hexagonal structure,
although the signals are weak because of the absorption of Cu
Kα radiation by Co.
3.3. Discussion on the formation mechanism
The above results indicate that the reaction conditions play
an important role in the formation of the final morphology of
h-CoO nanocrystals. In the formation processes of hexagonal
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Figure 3. (a) Low-magnification TEM image of h-CoO long nanorods along with the corresponding SAED pattern (inset). (b) HRTEM
image of a single long nanorod along with the FFT pattern (inset) in the [010] zone axis.
Scheme 1. Schematic illustration of the formation of h-CoO nanoplates and nanorods.
plates (scheme 1), the decomposition of Co(acac)2 takes
place rapidly to generate h-CoO clusters (figure S4(a)
available at stacks.iop.org/Nano/25/035707/mmedia) with a
high concentration since the solution is flash heated to reaction
temperature, and the solution color instantly changes from
transparent orange to blue. Then, h-CoO nanoclusters tend to
aggregate along the face parallel to the (001) planes, which
is confirmed from the corresponding SAED pattern (figure
S4(b) available at stacks.iop.org/Nano/25/035707/mmedia) in
which it shows that the (002) diffraction ring is rather weak
compared to the (100), (101) and (110) diffraction rings.
The aggregated nanoclusters further develop into plate-like
morphology and the growth along the [001] direction is
restrained in the forming process. Due to the unstable polar
(001) plane consisting of Co2+ ions, humps can be formed on
one side of the nanoplate so as to reduce the exposed area of
the (001) plane.
For the formation of rod-shaped h-CoO nanocrystals,
Co(st)2 was used as a precursor, since it decomposes
at a relatively low speed, which makes the aspect ratio
controllable by temperature and reaction time. The solution
remains transparent at the reaction temperature for about
20 min and then the solution color gradually changes to
non-transparent blue, indicating the formation of seeds.
By increasing the aging time, the formed seeds would
grow longer and become 20 nm × 40 nm pyramid
nanocrystals (figure S5 available at stacks.iop.org/Nano/25/
035707/mmedia). Divided morphology can be observed in
many of these nanocrystals. An et al reported the synthesis of
pencil-shaped h-CoO nanorods with a similar morphology by
the thermal decomposition of Co–oleate complex in ODE, and
the aspect ratio of rods was influenced by the heating rate and
aging time [15]. Finally the formed pyramid nanocrystals will
develop into nanorods by further increasing the aging time.
The formation mechanism of rod-shape h-CoO can be similar
to that of ZnO rods [31]. The relatively unstable polar (001)
plane exposed by metal ions (see figure 4) grows fast and
becomes a pencil point; however, the basal oxygen (001̄) plane
on the bottom of the rod and the nonpolar low-index {100}
planes are relatively stable and become the main exposed
faces.
3.4. XPS spectra
The surface condition has important influences on the
catalytic properties. To verify the surface chemical states
of the as-prepared h-CoO nanocrystals, XPS spectra were
recorded. Figure 5 shows the XPS spectra of Co 2p and O 1s
5
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Figure 4. Left: crystal structure of wurtzite-type h-CoO. The (001) plane is exposed with Co2+ ions and the (001̄) plane is exposed with
O2− ions. Right: corresponding crystalline models for h-CoO nanoplates and nanorods.
Figure 5. XPS spectra of the Co 2p (a) and O 1s (b) regions for the h-CoO nanoplates, short nanorods and long nanorods.
regions of the three kinds of h-CoO nanocrystals. The peaks
at 780.1 and 795.9 eV are attributed to Co (II) 2p3/2 and Co
(II) 2p1/2 energy levels, respectively, which is in agreement
with the reported values of fcc-CoO [32]. There were no
significant differences among the three spectra, indicating
that the octahedral-coordinated O2− ions of fcc-CoO and
the tetrahedral-coordinated O2− ions of h-CoO make no
difference on the Co 2p spectra.
The typical shake-up lines at 786 and 802 eV confirm the
chemical form of CoO [33] rather than Co3O4 [34], and no
features appear at 778.1 eV, revealing that no elemental Co
exists. The O 1s spectra can be decomposed into two peaks
(see figure S6 available at stacks.iop.org/Nano/25/035707/
mmedia): the peak at 529.1 eV (OL) can be due to lattice
oxygen in the Co–O bond of h-CoO. Additionally, similar
to fcc-CoO [35] and ZnO [26], the second peak at a higher
energy of 530.4 eV (OC) can be due to the chemisorbed and
dissociated oxygen species. For the long nanorods, the OC
peak is stronger than the OL peak compared with the other two
h-CoO crystals, which might be due to the characteristics of
long nanorods: smallest grain size, high specific surface area
and the mainly exposed {100} faces composed of equivalent
O2− and Co2+ ions. For the nanoplates with the smallest
specific surface area, though the (001) face only is exposed
with Co2+ ions, growth of the humps can reduce the exposure
of the (001) face and the amount of exposed Co2+ ions, thus
leading to the reduced OC peak.
3.5. Electronic absorption and energy gap.
The anisotropy of the h-CoO lattice indicates that its
properties would highly depend on the shapes and dimensions
of the nanocrystals [17]. Figure 6(a) shows the normalized
room-temperature UV–vis absorption spectra of the three
as-prepared h-CoO samples. Three conjoint absorption peaks
at 587, 631, and 674 nm, which are respectively associated
with 4A2 → 2E(G), 4A2 → 2A1(G) and 4A2 → 4T1(P) d–d
crystal field transitions in the high spin state of Co2+ in
tetrahedral coordination [13, 36, 37], are observed in the
visible region. The positions of the three d–d transition
peaks hardly vary with the grain morphology. However, it
6
Nanotechnology 25 (2014) 035707 A Lu et al
Figure 6. (a) UV–vis absorption spectra and the corresponding photographs of toluene-dispersed h-CoO nanoplates (curve a), short
nanorods (curve b) and long nanorods (curve c); (b), (c) and (d) are the optical bandgap energies of nanoplates, short nanorods and long
nanorods, respectively.
is noticeable that the nanoplates and the short nanorods
demonstrate relatively strong d–d transition peaks and the
long nanorods gain a weaker one, which reveals that the
d–d transitions might enhance as the h-CoO crystals have a
confined dimension along the 〈001〉 direction. Additionally,
the background absorption of the short nanorods is a
little higher than that of the nanoplates, while that of the
long nanorods shows the highest background absorption.
This demonstrates that the visible-light transmittance would
decrease with increasing 〈001〉 oriented degree. The colors
(figure 6(a) inset) of the three toluene-dispersed h-CoO
solutions also vary with crystalline morphologies: for the
nanoplates, it is blue–green; for the short nanorods, it
becomes green; for the long nanorods, it is dark green.
This result is in accordance with the UV–vis absorption
spectra which reveal that the absorption coefficient at blue
light (near 495 nm) increases with the 〈001〉 oriented degree
of the h-CoO nanocrystals. Moreover, no individual d–d
transition peaks (figure S7 available at stacks.iop.org/Nano/
25/035707/mmedia) can be observed in fcc-CoO nanocrystals
synthesized using the method mentioned in a previous
study [5], which may be for the reason that, according to
crystal field theory, crystal field splitting energy is greatly
affected by the coordination mode of surrounding ions. The
Co2+ d–d energy level in octahedral sites of fcc-CoO is very
different from that in O tetrahedron sites of hcp CoO [36, 38].
Similar to ZnO, the strong absorption edges at the high-
energy region (λ < 500 nm) are due to the charge-transfer
(CT) transitions [13, 39]. However, unlike ZnO which is a
direct bandgap semiconductor, the energy gap of h-CoO was
calculated to be 1.5 eV with an indirect gap from the local
spin density approximation + U level of theory [40], and
an indirect energy gap of 2.3 eV at 5 K was observed by
magnetic circular dichroism spectra [13]. The bandgap Eg can
be acquired from the electron absorption spectra using the
equation as follows:
(αhυ)n = B(hυ − Eg) (1)
where α is the absorption coefficient, hν is the photon energy,
B is a constant value relative to the characteristics of the
material, and n equals 1/2 for an indirect transition, or 2 for a
direct transition.
The plots of (αhν)1/2 versus hν of the three h-CoO
samples are shown in figures 6(b)–(d), which show that the
optical energy gap of h-CoO is also strongly influenced by
the morphology. Each curve can be linearly fitted into two
lines with the intercepts at two energy gaps: Eg1 which derives
from the spectra <500 nm represents the CT transfer gap,
and the other one Eg2 which comes from the d–d transitions
can be representative of the d–d energy gap. The values of
Eg1 for the nanoplates, short nanorods and long nanorods
are 2.16, 1.88 and 1.13 eV, respectively. The values of Eg2
for the three h-CoO samples are 1.62, 1.60 and 1.43 eV,
respectively, illustrating that the CT energy gap decreases
drastically with the increase of the 〈001〉 oriented degree
while the d–d transition energy gap decreases a little. It is
7
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Figure 7. The hydrogen generation rates for h-CoO nanoplates (a), short nanorods (b) and long nanorods (c) at different temperatures in
solutions containing 10 wt% NaOH, 10 wt% NaBH4 and 10 mg catalyst. (d) The corresponding Arrhenius plots (ln r versus 1/T) obtained
from data shown in (a), (b) and (c).
remarkable that for a nanoscale indirect semiconductor, the
crystalline preferential orientation plays an important role in
the energy gap. For a nanoscale direct semiconductor, such as
CdSe [41], the bandgap and florescence properties vary with
the grain shape and surface properties, which respectively
account for the different dimension quantum confinements
and surface energy states that may trap charge carriers at
the surface. For an indirect semiconductor such as Si, the
quantum confinement was believed to make a nanoscale Si
direct semiconductor, which was confirmed by PL research
toward a Si nanostructure [42, 43]. For h-CoO nanocrystals,
probably due to the relatively loose atomic configuration
along the 〈001〉 direction according to the nature of h-CoO,
the constraint on CT is weaker than directions perpendicular
to 〈001〉, that is to say quantum confinements might be
weaker along the 〈001〉 direction when the lengths of every
direction are the same. Hence, the long nanorod demonstrates
the lowest energy gap though it only has one degree of
freedom and gains the smallest volume among the three
h-CoO samples. The fact that the CT energy gap can be
tunable by alerting the extension degree along the 〈001〉
direction while the 〈001〉 extension has little influence on the
d–d transition energy gap may be because the d–d transition
occurs in one Co2+ ion, and for the same crystal lattice, this
transition is less influenced by the crystalline orientation.
3.6. Catalytic properties
Chemical hydrides are considered as a convenient hydrogen
source with high densities of hydrogen available. However,
suitable catalysts are usually needed to control the release of
hydrogen. One of the important catalytic applications for CoO
nanomaterials is that they can be used as active catalysts for
the generation of hydrogen from the hydrolysis of alkaline
NaBH4 solutions [5]. The equation of hydrogen generation
reaction upon NaBH4 hydrolysis at ambient temperature in
the presence of suitable catalysts is as follows [44]:
NaBH4 + 2H2O
Catalyst
−−−−→ NaBO2 + 4H2.
To the best of our knowledge, the catalytic properties in
the above reaction of h-CoO nanomaterials have not been
reported. It is therefore interesting to check the catalytic
properties of h-CoO nanocrystal catalysts. The plots of H2
generation volume as a function of time of three as-prepared
h-CoO nanocrystal samples tested at five temperatures are
demonstrated in figures 7(a)–(c). As expected, the H2
generation rate increases with temperature. However, the
catalytic properties are different, depending strongly on
their shapes. For each testing temperature, the time needed
from the start of the hydrolysis reaction to the end by
using the nanoplates is the shortest while that by using
the long nanorods is the longest, except for the case at
283 K. Table S1 (available at stacks.iop.org/Nano/25/035707/
mmedia) summarizes the maximum H2 generation rates
which are acquired from the initial stage of each run by using
the three catalysts. It is noticeable that for the nanoplates, the
maximum H2 generation rate is as high as 6250 ml min−1 g−1
at 303 K. This value exceeds most of the reported values of
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transition metal catalysts or noble metal containing catalysts
performed in the same condition. Compared to the nanoplates,
the short nanorods and long nanorods exhibit less superior
catalytic activities, and the obtained maximum H2 generation
rates are 5555 and 3665 ml min−1 g−1 at 303 K, respectively.
The observed different catalytic activities of the three h-CoO
samples may also be due to their different preferential
orientations as well as exposed facets. For nanoplates, the
(001̄) plane which is exposed with O anion at the flat
underside is the mainly exposed surface and it is not
electrically neutral. Thus, for the NaBH4 hydrolysis reaction,
which is a redox reaction, a polar surface would promote
it more than a neutral surface. For the nanorods, the area
of polar surface is decreasing as the rod becomes longer.
Consequently, the catalytic activity would decrease.
The Arrhenius activation energy (Ea) for the catalytic
reaction can be calculated using the following equation:







where r represents the reaction rate, k0 is the reaction
constant, R is the universal gas constant and T is the reaction
temperature. From the Arrhenius plots (figure 7(d)), the
Ea values of nanoplates, short nanorods and long nanorods
are calculated to be about 55.3, 53.0 and 42.7 kJ mol−1,
respectively. The decreasing trend of Arrhenius activation
energies with increasing extension degree along the 〈001〉
direction is also in agreement with the variation of the CT
energy gap, which illustrates that the trigger of catalytic
reaction might be relevant to the charge transition of different
ions in the catalyst lattice, so the long nanorods with the
lowest CT energy gap exhibit the smallest Ea value compared
with that of the two other catalysts.
4. Conclusion
Wurtzite-type h-CoO nanoplates and nanorods have been
synthesized via facile chemical solution methods. The
flash-heating conditions and the presence of surfactant TOP
play important roles in the formation of plate-like morphology
while the choice of Co stearate as a precursor can generate
nanocrystals with a rod shape. Interestingly, the UV–vis
absorption spectra and the corresponding energy gaps of
charge-transfer and d–d transition have been found to vary
with the crystal shapes and dimensions, which emphasizes the
different properties along and parallel to the 〈001〉 direction
of the wurtzite-type structure. Finally all three as-prepared
h-CoO nanocrystals exhibit very high catalytic activity for the
hydrolysis reaction of alkaline NaBH4 solutions. In particular,
the maximum H2 generation rate of h-CoO nanoplates is
as high as 6250 ml min−1 g−1 at 303 K. This remarkable
value exceeds most of the reported values of transition metal
or noble metal containing catalysts performed in the same
reaction system. The Arrhenius activation energies of h-CoO
nanoplates, short nanorods and long nanorods are determined
to be about 55.3, 53.0 and 42.7 kJ mol−1, respectively. The
obtained results demonstrate that h-CoO nanocrystals have
shape-dependent optical and catalytic properties, which can
find wide applications in multiple fields. In particular, in the
field of green energy, they can be a low-cost alternative to
be applied in H2 generation from the hydrolysis of various
borohydrides.
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